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We present a comparison of the tunnel magneto-Seebeck effect for laser induced and intrinsic
heating. Therefore, Co40Fe40B20/MgAl2O4 and Co25Fe55B20/MgO magnetic tunnel junctions have
been prepared. The TMS ratio of 3 % in case of the MAO MTJ agrees well with ratios found for
other barrier materials, while the TMS ratio of 23 % of the MgO MTJ emphasizes the influence of
the CoFe composition. We find results using the intrinsic method that differ in sign and magnitude
in comparison to the results of the laser heating. The intrinsic contributions can alternatively
be explained by the Brinkman model and the given junction properties. Especially, we are able to
demonstrate that the symmetric contribution is solely influenced by the barrier asymmetry. Thus, we
conclude that the symmetry analysis used for the intrinsic method is not suitable to unambiguously
identify an intrinsic tunnel magneto-Seebeck effect.
I. INTRODUCTION
Spin caloritronics is a rising field of research seeking to
combine spin, charge, and temperature driven currents
to develop new and improved ways of data processing
and storage. Especially, the usage of temperature driven
spin-polarized currents has attracted a lot of attention
in the past years, since it may offer a way to deal with
rising heat dissipation in nano devices1.
Lately, significant progress has been made in control-
ling temperature differences in magnetic nanostructures
over a small distance2, enabling the discovery of, for ex-
ample, the tunnel magneto-Seebeck (TMS) effect3,4. This
effect occurs in magnetic tunnel junctions (MTJs) when
a temperature difference is generated across the barrier.
The TMS effect describes the change of the Seebeck co-
efficient (Sp and Sap) of the MTJ between the state of
parallel (p) and antiparallel (ap) relative magnetization
orientation of the ferromagnetic electrodes. The effect
ratio5 can be expressed by
TMS =
Sp − Sap
min(|Sp| , |Sap|) . (1)
Recently, the reciprocal effect, the magneto-Peltier ef-
fect, has also been reported for MTJs6. Today, different
heating methods are established to generate a tempera-
ture difference inside the MTJ: indirect Joule4,7,8, indi-
rect Peltier6, and laser induced heating3,9,10. An addi-
tional method proposes to use the direct intrinsic Joule
heating by the tunneling current. With this method, the
temperature difference is created without additional ex-
ternal heating and, thus, the effect is called the intrinsic
TMS effect11,12.
In most cases CoFeB/MgO/CoFeB MTJs are used to
study the TMS effect, because they are well known, eas-
ily prepared and show large tunnel magnetoresistance
(TMR) effects13. Using MgAl2O4 (MAO) as a barrier
material theoretically retains the aforementioned proper-
ties of MgO (for example the ∆1 symmetry filter effect
14)
whereas the lattice mismatch with typical electrode ma-
terials decreases from about (3-5) % for MgO to about
1 % for MAO15. In addition, MgAl2Ox double-barrier
MTJs show a long-range phase coherence using the res-
onant states of Fe quantum wells with up to 12 nm
thickness16. Here, the structural flexibility of MgAl2Ox
ensures a vanishing mismatch between barrier and elec-
trode, effectively enhancing quantum phenomena. Addi-
tionally, an improved bias voltage dependence was found
with a barrier consisting of MAO17. A maximum TMR
ratio of over 160 %, a very low resistance area prod-
uct (RA) of less than 5 Ωµm2, as well as magnetization
switching by spin-transfer torque was achieved by de-
positing and oxidizing Mg/Mg-Al layers18.
In this work, we study CoFeB/MAO and CoFeB/MgO
MTJs and place emphasis on the comparison of laser in-
duced and intrinsic TMS. After a description of the sam-
ple preparation in Sec. II, the results of the TMR and
laser induced TMS measurements are presented in Sec.
III, followed by COMSOL simulations of the tempera-
ture differences, the Brinkman model and the results of
the intrinsic TMS.
II. SAMPLE PREPARATION
The CoFeB/MAO and CoFeB/MgO layer stacks are
deposited on MgO(001) substrates to prevent parasitic
effects originating from semiconducting substrates as re-
ported in Ref. 9. The sequence of layers of the MAO
MTJ consists of a bottom contact Ta 10/Ru 30/Ta 5/Ru
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25, a pinned layer MnIr 10/Co40Fe40B20 2.5, a tunnel bar-
rier MAO 1.8, a free layer Co40Fe40B20 2.5 and a top con-
tact Ta 5/Ru 30/Ta 5/Au 60 (numbers are thicknesses
in nm). Except for MAO, all films are prepared by dc
sputtering at a base pressure of less than 5 ·10−7 mbar in
a Leybold Vakuum GmbH CLAB 600. MAO is rf sput-
tered from a composite target in the same chamber. After
deposition, ex-situ post annealing in a vacuum furnace is
carried out at 350 ◦C for one hour with a subsequent cool-
ing process in a magnetic field of 0.7 T. Elliptical junc-
tions of 24µm2 are prepared by electron beam lithogra-
phy and subsequent ion beam etching. Ta2O5 (120 nm)
is sputtered next to the MTJs to serve as insulator. In
addition, Au bond pads are placed on top and next to the
MTJs to allow electrical contacting via Au bonds and op-
tical access. The experimental details of the Co25Fe55B20
2.5/MgO 1.7/Co25Fe55B20 5.4 (numbers are thicknesses
in nm) MTJ are described elsewhere10. To measure the
TMS effect, an established setup with a modulated diode
laser (Pmax=150 mW, λ=637 nm, f=177 Hz) is used to
generate the temperature difference across the junction
(see Refs. 3 or 9 for details). At the same time, the setup
is able to record TMR loops and I/V characteristics with
a Keithley 2400 Sourcemeter.
III. RESULTS
A. TMR and laser induced TMS
Figure 1(a) depicts the TMR and TMS minor loops
for an MTJ with a nominal barrier thickness of 1.8 nm
MAO. Both loops show identical switching behavior, al-
lowing the identification of clear antiparallel and parallel
states. With Eq. (1) and a laser power of 150 mW the
TMS amounts to 3.3 % while the TMR ratio is 34 %.
Altogether, the TMS (TMR) ratios are relatively con-
stant with a variation of ±0.25 % (±1 %) between differ-
ent junctions. For this, we measured the TMS (TMR) ef-
fect at more than five (ten) junctions. A similar TMS ra-
tio was found for Co40Fe40B20/MgO MTJs
9. The TMR
ratio is comparable to similar studies using sputter depo-
sition from a composite, stoichiometric MAO target19.
In comparison, Fig. 1(b) displays the TMS and TMR
results of the Co25Fe55B20/MgO MTJ. It exhibits an al-
most rectangular switching behavior resulting in a TMS
ratio of (23±3) % and a high TMR ratio of around 200 %
indicating very good stack quality. Since the TMS de-
pends on the electronic band structure of the electrodes,
both TMS ratios are in good agreement with theoretical
predictions for different Co and Fe compositions20,21 and
experimental results of CoxFey/MgO/CoxFey MTJs in
case of laser induced heating3.
Figure 1(c) shows the Seebeck voltages of the MTJ
with MAO barrier in the parallel and antiparallel mag-
netization alignment and the corresponding TMS ratios
for different laser powers. A barrier of 1.8 nm MAO re-
sults in an averaged (over all laser powers) TMS ratio of
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FIG. 1. (a) Typical TMS (measured with a laser power of
150 mW) and TMR minor loop of a junction with an area of
24µm2 and a nominal MAO thickness of 1.8 nm. (b) TMS
(150 mW) and TMR major loops of an CoFeB/MgO MTJ
with a junction size of 2µm2 and a nominal MgO thickness of
1.7 nm. (c) Antiparallel (light blue) and parallel (dark blue)
Seebeck voltages for an MTJ with an MAO thickness of 1.8 nm
increase linearly with the laser power, while the TMS ratio
(red) is constant (3.3± 0.2) %.
(3.3± 0.2) %. In accordance with previous experiments3,
a linear increase of the Seebeck voltages with increasing
laser power is observed.
B. COMSOL simulations
Simulations are performed with COMSOL Multi-
physics to estimate the temperature differences across
the barriers and to calculate the Seebeck coefficients.
A crucial point within these simulations is the ther-
mal conductivity of thin films as reported in Refs. 22
and 23. For the MTJ with MgO barrier, a value of
∆T =11 mK was found for a laser power of 150 mW10
resulting in Seebeck coefficients of Sp = (−1010±20) µVK
3TABLE I. COMSOL simulation parameter values of thermal
conductivity κ, density ρ and heat capacity Cp. If not stated
otherwise, the values of Walter et al.3 are taken. Numbers in
rounded brackets are bulk values.
material κ
(
W
m K
)
ρ
(
kg
m3
)
Cp
(
J
K kg
)
Ta 57 16650 140
Ta2O
a,b
5 0.2 8270 306
Au 320 19320 128
Ru 117 12370 238
MnIrc 6 10181 316
CoFeB 87 8216 440
MAOd,e,f 2.3±2 (22-24) 3650 815
aReference 24. bReference 25. cReference 26.
dReference 27. eReference 28. fReference 29.
FIG. 2. COMSOL simulation of the temperature profile
across the tunnel barrier with an applied laser power of
150 mW (120 mW at the sample as deduced from calibration
measurements) for different thermal conductivities of MAO.
The layer position of 0 nm corresponds to the top of the stack.
and Sap = (−1320 ± 20) µVK . The values used for the
simulation of MTJ with MAO barrier are given in Tab.
I and the results are shown in Fig. 2. Since the thermal
conductivity decreases for thin films in comparison to its
bulk value and a similar behavior for thin MgO films is
observed in Ref. 22, we assume a thermal conductivity
of (2.3± 2) Wm K for MAO, which is one tenth of the bulk
value. Please note that according to Ref. 23 the ther-
mal conductivity is very sensitive to the imbalance of
phonon and electron temperature at nano-magnetic in-
terfaces, which is why we use a large error range for the
thermal conductivity of MAO. With the aforementioned
assumption and an applied laser power of 150 mW, the
temperature difference across the tunneling barrier varies
between 100 mK and 1400 mK. The Seebeck coefficients
of the MTJ are given by Sap,p = −Vap,p∆T . Thus, we get:
S1.8ap ≈ −160 µVK and S1.8p ≈ −150 µVK . With respect to
the uncertainty of the thermal conductivity of MAO, an
error of ±140 µVK is calculated.
C. Brinkman model
Directly after the TMS measurements, I/V charac-
teristics are recorded at the same junctions. The volt-
age dependent current density between two electrodes
separated by a thin insulating layer is described by
Brinkman’s model30, which is based on the generalized
Simmons’ model31. Regarding the relatively low TMR
ratio of the MAO MTJ, the presence of a symmetry fil-
ter effect can be excluded, which is a basic requirement
for the validity of both models. This effect and the ac-
companying coherent tunnel process is responsible for the
high TMR in the CoFeB/MgO MTJs, therefore exclud-
ing them from being taken into account within the sub-
sequent Brinkman evaluation. Also, band structure ef-
fects caused, for example, by ferromagnetic half-metals
are not included in both models. Thus, we focus on
the MAO MTJ for the Brinkman evaluation. Within his
model, Simmons assumes the potential of the barrier to
be symmetric. In order to account for asymmetric bar-
riers, Brinkman replaces the symmetric barrier potential
by a trapezoidal barrier potential. The current density
(in A/cm2) is then given by
J(V ) = 3.16 · 1010 ϕ
1
2
d
exp
(
−1.025ϕ 12 d
)
· (2)[
V − A0 ∆ϕ
32ϕ
3
2
e V 2 +
3A20
128ϕ
e2 V 3
]
(3)
with A0 =
4 d
√
2meff
3 ~ . ϕ is the barrier height (in V), d
is the thickness of the barrier (in A˚), ∆ϕ is the barrier
asymmetry (in V), e is the elementary charge, ~ is the
reduced Planck constant and meff is the effective electron
mass. Brinkman states that in the case of ∆ϕ/ϕ < 1 and
d > 10 A˚ the error of this solution amounts to ≤ 10 %.
The characteristic values of the barrier (height, thickness
and asymmetry) are obtained with
ϕ2 =
e2 C
32A
ln2
(
h3√
2pi e3meff
√
AC
)
,
d = − ~√
8ϕmeff
ln
(
h3√
2pi e3meff
√
AC
)
, (4)
∆ϕ = − 12 ~
e
√
2meff
ϕ
3
2
d
B
C
,
where A, B and C are the parameters of a second order
polynomial fit to the differential conductance given by
dJ/dV = AV 2 +BV + C.
Figure 3 shows the results with both dJ/dV curve and
Brinkman fit for the antiparallel and parallel magnetiza-
tion alignment. Using the Brinkman model, the barrier
height ϕ, the barrier asymmetry ∆ϕ, and the barrier
thickness d are calculated (results are listed in Fig. 3).
In the antiparallel case, the change of base temperature
of the whole film stack induces a resistance change that
is much larger than for the parallel case, which is why
the Brinkman fit is not able to cover all features. Still, a
good estimation of the barrier parameters is obtained, if
compared to the results of the parallel case. It is notewor-
thy that the theoretically predicted value of the effective
4φ = 1.8 eV, d = 2.1 nm, Δφ = -0.6 eV 
φ = 2.8 eV, d = 1.7 nm, Δφ = - 2.3 eV 
FIG. 3. dJ/dV curves (dark) with corresponding Brinkman
fits (light) in the antiparallel (blue) and parallel (red) case.
In addition, the resulting values for the barrier height ϕ, the
barrier thickness d and the barrier asymmetry ∆ϕ are shown.
electron mass of meff = 0.422me
14 results in a barrier
thickness of d = 1.7 nm for the parallel case matching
the nominal value of 1.8 nm within the 10 % error range
of the Brinkman model.
D. Intrinsic TMS & Brinkman model
Zhang, Teixeira et al.11,12 measured V/I characteris-
tics of CoFeB/MgO MTJs and derived ’intrinsic’ Seebeck
coefficients via the slope of the symmetric contribution
((V++V−)/2), where the temperature difference is gener-
ated by the Joule heating of the tunnel current. Within
this model, the slope of the antisymmetric contribution
((V+ − V−)/2) is directly correlated with the stack resis-
tance. They neglect the general nonlinearity of tunnel
processes and the accompanying dependence of the resis-
tance on the voltage. In order to probe the validity of
this intrinsic method, we now compare the results of the
laser induced TMS with the intrinsic TMS.
Figures 4(a),(b) depict the antisymmetric contribu-
tions of the V/I-characteristics for both MAO and MgO
barrier MTJs. They show a linear increase which di-
minishes for high currents and both magnetization align-
ments. This deviation from a purely linear behavior
is caused by the changing resistance of the junction
due to the induced base temperature changes with in-
creased currents. Thus, additional terms of odd power
are present in the I/V data and picked up by the asym-
metry evaluation. The deviation from the linear behavior
is more prominent in the antiparallel case. In case of the
symmetric parts we find, execpt for the MgO MTJ in the
parallel state, negative, non linear contributions [cf. Figs.
4(c),(d)]. Therefore, only the first part of the curves is
fitted to extract the Seebeck coefficients via the method
of the intrinsic TMS [cf. Figs. 4(e),(f)].
In addition and to follow the method proposed
by Zhang, Teixeira et al.11,12, we need to calculate∑
j
ηj Rj Rκj , where ηj is the thermal asymmetric param-
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FIG. 4. (a),(b) Antisymmetric contribution of the V/I char-
acteristics. The dashed black lines are linear fits and illustrate
the non-linearity of the experimental data. (c),(d) Linear
fits to the symmetric contributions that are performed within
(e),(f) the small and then extended to (c),(d) the whole range.
eter obtained via ηj =
∇T κj σj
J2 d2j
, Rj is the resistance and
Rκj =
d
κj A
is the heat resistance. ∇T refers to the tem-
perature gradient across the barrier, κ to the thermal
conductivity, A to the area of the junction, σ to the elec-
tric conductivity and J to the current density given by
J = I/A (I: current, A: area). The index j identifies each
individual layer. Since the stacks show resistances of sev-
eral kΩ originating mostly from the MAO and MgO bar-
rier, we neglect the influences of other layers and assume∑
j
ηj Rj Rκj = ηMAO/MgORMAO/MgORκMAO/MgO = α
with RMAO/MgO = R the resistance of the stack. From
the TMR measurements we obtain Rap (Rp) = 3.6 kΩ
(2.7 kΩ) for the MAO barrier and Rap (Rp) = 195 kΩ
(66 kΩ) for the MgO barrier.
With these values and the thickness of the barrier,
the area of the junction and the thermal conductivity
of MAO and MgO mentioned in sectionIII B , σMAO/MgO
and RκMAO/MgO are calculated. Additionally, we take a
mean current resulting from the I/V curves of 50µA for
the MAO barrier and 1µA for the MgO barrier and, fur-
thermore, assume a temperature gradient of 25 mKnm for
MAO and 1 mKnm for MgO (please note: Teixeira et al.
used a temperature gradient of 75 − 195 mKnm generated
by a current of 0.4 mA). Thus, we get values for the sym-
metric slope as well as for the α parameter, which are
summarized in Tab.II and which allow to directly com-
pare the results of the intrinsic TMS with the results of
the laser induced TMS [cf. Tab. III].
Clearly, the obtained values for the intrinsic Seebeck
coefficients do not match with the results of the laser
5TABLE II. Results of the intrinsic symmetry evaluation. The resistances R extracted from the TMR loops are given as a
comparison to the resistances from the antisymmetric contributions. A satisfying agreement between the two methods is
achieved within the measurement uncertainty. Additionally, the large difference of the resistances between the MTJ with MAO
and MgO barrier is also found in the slope of the symmetric contributions. After rounding to two significant digits, no difference
remains in the α parameter for the parallel and antiparallel states of both MTJs.
sample [state] antisymmetric slope (kΩ) R from TMR (kΩ) symmetric slope (V/A2) α (K/A2)
MAO [p] 2.6± 0.1 2.7± 0.1 −6.3 · 105 ± 104 5.4 · 1014
MAO [ap] 3.4± 0.1 3.6± 0.1 −1.8 · 105 ± 104 5.4 · 1014
MgO [p] 68± 2 66± 2 2.9 · 108 ± 2.5 · 108 1.2 · 1015
MgO [ap] 223± 10 195± 20 −8.6 · 109 ± 3 · 108 1.2 · 1015
TABLE III. Results of the intrinsic TMS evaluation. The
results of the laser induced TMS are given as a direct com-
parison. The error ranges of the intrinsic Seebeck coefficients
result from the inaccuracy of the linear fits to the symmetric
contributions.
Sp
(
µV
K
)
Sap
(
µV
K
)
TMS (%)
MAO MTJ
intrinsic −1.2 · 10−3 ± 10−4 −3 · 10−4 ± 10−4 −75± 10
laser −150± 140 −160± 140 3.3± 0.2
MgO MTJ
intrinsic 0.3± 0.2 −7.5± 0.2 104± 3
laser −1010± 20 −1320± 20 23± 3
induced TMS, neither for the MAO nor for the MgO
barrier. Furthermore, the intrinsic TMS ratios do not
coincide with the results of the laser induced TMS ra-
tios. Please note, that changing the aforementioned as-
sumptions only results in different values for the intrinsic
Seebeck coefficients. However, the sign of the intrinsic
TMS ratio is dominated by the slope of the symmetric
contribution. Accordingly, in our case, Sp will always be
larger than Sap for the MTJ with MAO barrier, thus,
resulting in a negative TMS ratio. In addition, the See-
beck coefficients obtained from the intrinsic method of
the MTJ with MgO barrier show a different sign that is
not observed with the laser induced TMS. These find-
ings directly contradict the results of the laser induced
TMS. Therefore, we are not able to identify any reason-
able contribution of the intrinsic TMS which would be
comparable to the more clear laser induced TMS.
However, the Brinkman model offers an alternative
way to explain the occurring antisymmetric and symmet-
ric contributions in case of the MAO MTJ. We focus on
the parallel case where a good agreement between data
and model is obtained [cf. Fig. 3]. Now, the symme-
try evaluation is performed with simulated I/V curves
based on the Brinkman model with different values for
the barrier asymmetry ∆ϕ. Figure 5 shows the results
of the symmetry evaluation of the original data, its cor-
responding Brinkman fit, a reversed barrier asymmetry
and a vanishing barrier asymmetry. Obviously, the bar-
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FIG. 5. Original symmetric contribution of the MAO MTJ
in the parallel case (dark red), corresponding Brinkman fit
(∆ϕ = −2.3 eV) (light red), simulated barrier asymmetry of
∆ϕ = +2.3 eV (light blue) and ∆ϕ = 0 eV (dark blue). For
the sake of clarity, only one in ten data points of the original
data is shown. The colored areas represent the typical error
range of the Brinkman model of 10 %.
rier asymmetry plays a vital role for the symmetric con-
tribution of the V/I curve.
Please note that a symmetric barrier shows no sym-
metric contribution, making the identification of an in-
trinsic TMS impossible. In contrast, the asymmetric con-
tributions are the same for different values of the barrier
asymmetry. Thus, the symmetric contribution of the V/I
curve in the parallel case is very well described by the
Brinkman model even without any assumptions of tem-
perature differences.
IV. CONCLUSION
We have investigated the TMS effect of
Co40Fe40B20/MAO and Co25Fe55B20/MgO MTJs
with laser induced heating. In case of a barrier con-
sisting of MAO, the TMS ratio of about 3 % as well as
the Seebeck coefficients are consistent with findings of
other groups who used similar materials. The results
of the MgO based MTJs show large TMR ratios of
up to 200 % and TMS ratios of around 20 %. This
TMS ratio is directly related to the different CoFeB
composition. In addition, we have studied the symmetry
of I/V characteristics within the framework of the
6intrinsic TMS proposed by Zhang, Teixeira et al. Both,
antisymmetric and symmetric contributions, revealed
deviations from the expected linear behavior suggested
by the model of the intrinsic TMS. Our findings show
that it is not possible to consistently compare the results
of laser induced and intrinsic TMS. Nevertheless, the
Brinkman model offers an alternative way to explain
the occurring features if no ∆1 symmetry filter effect is
present, giving a consistent explanation for the observed
symmetric contribution. In particular, we found that
the symmetric I/V contribution in the parallel case is
solely influenced by the barrier asymmetry. Thus, we
conclude that the symmetry analysis is not suitable to
unambiguously identify an intrinsic TMS.
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